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1 1. INTRODUCTION 
 
2 The unique biodiversity value of species rich semi-natural grasslands in Europe has long 
 
3 been recognized (Kull and Zobel, 1991; Eriksson et al., 2002; Pärtel et al., 2005; Ward et 
 
4 al., 2013; Dengler et al., 2014). In recent years, the Ecosystem Services (ES) framework 
 
5 has provided a new approach to assess the value and multi-functionality of these habitats 
 
6 (Bullock et al., 2011). Semi-natural grasslands provide a wide range of goods and 
 
7 services, including plant species diversity, carbon storage and sequestration, biomass 
 
8 production for grazing animals, flood reduction, habitat for migratory and breeding birds, 
 
9 water infiltration, purification and storage, erosion prevention and recreation amongst 
 
10 others. The cessation of moderate disturbance management re-establishes vegetation 
 
11 succession leading to scrub encroachment and a loss of grassland species diversity 
 
12 (Burnside et al., 2007; Pärtel and Helm, 2007; Sammul et al., 2008; Metsoja et al., 2011). 
 
13 As a result, land owners and managers are faced with a decision between maintaining the 
 
14 ecological benefits from grassland management as opposed to its economic costs. High 
 
15 plant species diversity provides a range of habitats for both breeding and migratory birds 
 
16 (Báldi et al., 2013). European grasslands are also estimated to store 5.5 Gt of carbon in 
 
17 the top 30 cm of soils (Lugato et al., 2014), which provides an important pedologic carbon 
 
18 store, particularly coastal grasslands (McLeod et al., 2011), and can exceed that of tropical 
 
19 rainforests (Pendleton et al., 2012). 
 
20 Throughout the second half of the twentieth century, semi-natural grasslands underwent a 
 
21 substantial decrease in area and connectivity in Europe (Critchley et al., 2004), mainly as 
 
22 a result of land marginalization and abandonment of the less productive or less accessible 
 
23 agricultural land in mountain regions (Hinojosa et al.,2016) and Eastern Europe (Henle et 
 
24 al., 2008). Soviet collectivization  in Eastern Europe also accelerated the disappearance of 
 
25 semi-natural grasslands (Talvi and Talvi, 2012). Agricultural intensification in Western 
2  
26 Europe had the same effect (Bullock et al., 2011). As well as abandonment, under-grazing 
 
27 has also been recognized as a threat to biodiversity in these habitats (Bagella et al., 2014). 
 
28 A decrease in the provision of certain ES such as pollination, cultural services associated 
 
29 to traditional farming practices and the aesthetic value of these grasslands and habitat for 
 
30 bird species occurs as a consequence of these processes. The effects of grassland 
 
31 abandonment in soil ES have been tested in different Bioclimatic regions. In some 
 
32 Mediterranean environments abandonment leads to a reduction in soil organic matter 
 
33 (SOM), total nitrogen and aggregate stability (Peco et al., 2017), whereas in parts of 
 
34 Central and Eastern Europe certain ES such as carbon sequestration, regulation of 
 
35 hydrological cycles in mountain areas, erosion control and habitat for large mammals may 
 
36 show an increase after abandonment (Navarro and Pereira, 2015). On the other hand, 
 
37 carbon storage in grasslands is sensitive to processes of intensification and conversion to 
 
38 arable land. Increased stocking density in semi-natural grasslands reduces soil carbon 
 
39 sequestration through less organic carbon being returned, and greater amounts of carbon 
 
40 being released as CO2 and CH4 and N being leached. (Soussana and Lemaire, 2014). 
 
41 Furthermore, the conversion of grassland into arable land leads to a decrease in soil 
 
42 carbon due to reduced carbon input from litter and carbon losses caused by tillage (Jones 
 
43 and Donnelly, 2004). 
 
44 The most recent Common Agricultural Policy (CAP) reform (2014 – 2020) aims at 
 
45 improving the status of farmland biodiversity by introducing “greening” components in both 
 
46 Pillars I and II. However, it has been criticized for not being efficient in halting the decline 
 
47 of permanent grassland and lacking management criteria that includes habitat quality 
 
48 (Pe’er et al., 2014). Plieninger et al. (2012) argue that the ES framework could help design 
 
49 more flexible, targeted and context specific agri-environmental schemes, while at the same 
 
50 time assessing the environmental impact of the current CAP in a more holistic way. 
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51 In recent years there has been a major increase in scientific publications utilising a wide 
 
52 range of methodologies to estimate the provision of ES (Maes et al., 2012; Potschin and 
 
53 Haines-Young,  2016;  Rabe  et  al.,  2016),  including  the  identification  and  mapping  of 
 
54 hotspots (Schröter and Remme, 2015). Mapping ES hotspots involves a level of choice in 
 
55 the definition of thresholds, and this in turn influences the final patterns to a certain degree. 
 
56 Some studies set random cut-off points as top percentages of the overall dataset 
 
57 (Anderson et al., 2009). Others use data clustering algorithms that automatically generate 
 
58 thresholds based on the dataset structure (Liquete et al., 2015). Ideally, primary data on 
 
59 ES collected through field samples provides the highest level of precision. However, this 
 
60 approach entails significant costs when dealing with national projects. Thus, data 
 
61 availability has been identified as one of the major challenges to the development of ES 
 
62 mapping and assessment frameworks (Eigenbrod et al.,2010; Palomo et al., 2018). 
 
63 Surrogate models based on causal relationships have been suggested as a feasible 
 
64 alternative (Martínez -Harms and Balvanera, 2012; Zhang et al.,2017) when the lack of 
 
65 primary data is an obstacle. 
 
66 Plant diversity and Soil Organic Carbon (SOC) pools have been identified as two key 
 
67 factors that underpin, or are directly linked, to the provision of several ES (Marks et al., 
 
68 2008; Isbell et al., 2011; Lal, 2014). Previous studies address the link between biodiversity 
 
69 and ES in order to strengthen the arguments for ecological restoration and contribute to 
 
70 the management of protected areas (Haines-Young and Potschin, 2010; Harrison et al., 
 
71 2014; Isbell et al., 2011; Nelson et al., 2009). Using plant species diversity and SOC as 
 
72 surrogate indicators for other ES helps overcome the challenge of primary data scarcity at 
 
73 nation-wide scales. Moreover, the spatial overlap of biodiversity and ES has been 
 
74 addressed by authors from different science, policy-making and management strategies 
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75 perspectives (Anderson et al., 2009; Morelli et al., 2017; Quijas and Balvanera, 2013; Ren 
 
76 et al., 2016). 
 
77 Within this study, the multi-functionality of semi-natural grasslands representing a range of 
 
78 common grassland habitats in Estonia is highlighted, and an ES assessment is undertaken 
 
79 considering particularly soil and biodiversity-related ES. In this regard, the study 
 
80 contributes to the implementation of nationwide scale ES assessments in Estonia. 
 
81 Although some isolated projects have been carried out evaluating ES in different habitats 
 
82 (Kimmel, 2010), only few have addressed the full extent of Estonia (Villoslada et al., 2018). 
 
83 At first, underlying environmental gradients (i.e. climatic factors, altitude and SOC) that 
 
84 underpin ecosystem functions and services are identified, and then related to plant species 
 
85 distribution patterns. Furthermore, the effects of management cessation in four semi- 
 
86 natural grassland types are assessed. Previous studies have focused on the relationship 
 
87 between biodiversity and management exclusively at regional (Burnside et al., 2007), and 
 
88 local (Liira et al., 2009) scales. Conversion to arable land was not considered since 72% of 
 
89 the semi-natural grasslands under study are within Natura 2000 areas and this trajectory 
 
90 of change is highly unlikely. Ultimately, hotspots for ES surrogate indicators SOC and plant 
 
91 species diversity in semi-natural grasslands are identified and mapped using plant 
 
92 diversity and SOC as surrogate indicators. The national scale of the present study posed a 
 
93 challenge in terms of data collection and as a result, existing databases were used for ES 
 
94 mapping and assessment. 
 
95 Although this paper focuses on Estonia, very similar grassland abandonment trends have 
 
96 been observed throughout Europe (Cousins et al. 2007; Krauss et al., 2010; Pykälä et al., 
 
97 2005;  Strijker,  2005)  and  worldwide  (Sala  et  al.  2000;  Hoekstra  et  al.  2005). Halting 
 
98 biodiversity  loss,  land  degradation  and  the  resulting  impacts  on  ES  is  increasingly 
 
99 becoming a challenge at local and global scales (Kremen and Merenlender, 2018). The 
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100 methodology outlined in this paper contributes to a better understanding of these issues in 
 
101 Estonia and potentially other regions facing similar challenges. 
 
102 
 
103 2. MATERIALS AND METHODS 
 
104 2.1. Study area 
 
105 Estonia is located in the Baltic region between Latvia, Russia and Finland, in the border 
 
106 between the Boreal and Nemoral zones (Metzger et al., 2005). Despite its relatively small 
 
107 size (45228 km2) Estonia exhibits a high geological, morphological, and climatic diversity 
108 (Arold, 2005). 
 
109 Within Estonia, there are ten semi-natural grassland habitats, based on the Annex I 
 
110 Habitats Directive classification (Council Directive, 1992). Semi-natural grasslands in 
 
111 Estonia have exceptionally high levels of biodiversity, in particular wooded meadows (76 
 
112 species/m2; Kukk 2004, 1997), alvars (63 species/m2; Partel et al., 1999), floodplain 
113 meadows (50 species/m2; Truus and Puusild, 2009), and coastal meadows (34 
114 species/m2; Burnside et al., 2007), among the most species rich habitats in Northern 
115 Europe (Benstead et al., 1999). 
 
116 Semi-natural grasslands are the result of long term, low-intensity management practices, 
 
117 in the form of grazing and mowing (Paal, 1998). In Estonia, some of these semi-natural 
 
118 habitats  have  been  managed  for  centuries  (Helm  et  al.,  2005),  leading  to  iconic 
 
119 landscapes such as the Laelatu wooded meadow (Sammul et al., 2003). The area of semi- 
 
120 natural grasslands in Estonia has decreased since the late 1950s (Kana et al., 2008). 
 
121 Between 1957 and 1960, 90 % of coastal meadows were grazed or mown, whereas 
 
122 between 1992 and 1995 only 35 % of coastal meadows remained in use (Kaisel et al., 
 
123 2004). Wooded meadows have also experienced a drastic decrease in area, from ca. 
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124 700000 ha in the 1940s to ca. 8000 nowadays (Sammul et al., 2008). A large proportion of 
 
125 the semi-natural grassland area has reverted to reed beds, scrubland and forest, through 
 
126 natural succession processes. Semi-natural grasslands in other parts of Europe have 
 
127 undergone similar changes. For instance, Cousins et al. (2007) describe a drastic 
 
128 decrease in the area of semi-natural grassland in south-eastern Sweden during the past 
 
129 100 years due to the creation of larger fields, drainage of wetlands and the planting of 
 
130 commercial forestry amongst other drivers. Similarly, the area of mesic semi-natural 
 
131 grasslands decreased strongly in south-west Finland after abandonment of grazing in the 
 
132 1960s (Pykälä et al., 2005). Beyond northern Europe and Scandinavia, comparable 
 
133 trajectories of change can be observed throughout Europe due to intensification on one 
 
134 hand and abandonment on the other (Strijker, 2005). 
 
135 2.2 Conceptual framework 
 
136 The ES cascade model (Potschin and Haines-Young, 2016) was partially adapted and 
 
137 utilized as the theoretical framework for the analysis. Addressing the different components 
 
138 of the environment section in the cascade model (Fig. 1) offers a comprehensive 
 
139 understanding of the complex linkages between environmental factors, ecosystem 
 
140 functions, anthropogenic pressures and final ES (see Fig. 1). In the present study, the 
 
141 analysis of the socio-economic domain of the cascade framework has not been specifically 
 
142 addressed in order to set the focus exclusively on the interconnections among structures, 
 
143 functions and services. Following a stepwise approach, the initial stage of the analysis 
 
144 involved identifying underlying environmental gradients (i.e. climatic factors, altitude and 
 
145 SOC) that underpin ecosystem functions and services, and then relating them to the 
 
146 species distribution patterns. Subsequently, the relationship between management status 
 
147 and species diversity, as well as presence of rare and protected species were also 
 
148 assessed. In the third and last step, five ES were mapped and assessed. Plant species 
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149 diversity and SOC were tested as surrogate indicators for three regulation and 
 
150 maintenance, one provisioning and one cultural ES (ES categories according to the CICES 
 
151 V5.1  classification  by  Haines-Young  and  Potschin,  2018):  Pollination,  nutrient cycling, 
 
152 nutrient retention, biomass production and herbs for traditional medicinal use. The choice 
 
153 of ES related to plant species diversity and SOC was driven by the availability of 
 
154 databases and publications at the national scale. The categorization and naming of ES is 
 
155 compatible with CICES V5.1 (Table 1). In order to assess semi-natural grasslands 
 
156 multifunctionality and the coincidence and spatial patterns multiple ES supply, the spatial 
 
157 distribution of ES hotspots was mapped. Although the limited number of ES selected does 
 
158 not allow for a complete assessment of semi-natural grasslands, this approach constitutes 
 
159 the starting point for further analyses. The absence of grassland and  management-related 
 
160 ES such as reared animals, forage quality or regulation of the chemical condition of fresh 
 
161 waters in the analysis calls for the collection of more detailed data. 
 
162 Table 1. Overview of the selected ES and their correspondence to CICES V5.1 classification system 
 
 
ES Section (CICES Equivalent class (CICES Indicator Surrogate Data sources 
 
V5.1) 
Pollination Regulation & 
Maintenance 
V5.1) 
Pollination Pollinators 
richness and 
abundance 
indicator 
Plant 
species 
diversity 
 
Diaz Forero (2011). 
State Monitoring 
Program of Wildlife 
Diversity  and 
Landscapes 
(Estonian 
 
Nutrient cycling Regulation & Weathering processes Microbial SOC State Monitoring 
 Maintenance  and their effect on soil activity  Program of Wildlife 
   quality   Diversity and 
Landscapes 
(Estonian 
 
Nutrient Regulation & Regulation of the Total SOC State Monitoring 
retention Maintenance  chemical condition of Nitrogen  Program of Wildlife 
   freshwaters by living   Diversity and 
processes Landscapes 
(Estonian 
8  
Biomass 
production 
Provisioning Wild plants used for 
nutrition 
Total 
biomass 
production 
(dry weight) 
SOC Heinsoo  et  al. 
(2010), Kull and 
Zobel (1991), Kupper 
(2007), Melts (2014), 
Neuenkamp et al. 
(2013), Rehme 
(2013),   Saar (1996), 
Sammul et al. (2006), 
Sammul et al. (2011), 
Truus    and    Puusild 
 
 
 
163 
 
164 
 
165 
Herbs for 
traditional 
medicinal use 
Cultural Characteristics of living 
systems that that enable 
activities promoting 
health, recuperation or 
Wild 
medicinal 
and food 
plants 
Plant 
species 
diversity 
Kalle (2017) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
166 
 
167 Fig. 1. The ES cascade model adapted from Potschin and Haines-Young (2016). Three cascade components 
168 were assessed within this study: (1) underlying environmental gradients determining species distribution in 
169 semi-natural grasslands, (2) effects of grassland abandonment and (3) the spatial distribution of ES hotspots in 
170 semi-natural grasslands. Although the cascade framework encompasses both the environmental and the 
171 socio-economic systems, only the environmental system was addressed in this study. 
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172 2.3. A semi-natural grasslands database 
 
173 Data concerning the location and area of semi-natural grasslands in Estonia was collected 
 
174 from three databases: the Semi-Natural Habitats (SNH) on agricultural land (Estonian 
 
175 Environmental Board), the Estonian Semi-Natural Community Conservation Association 
 
176 (ESCCA) and the Estonian Fund for Nature (EFN). The SNH comprises the location and 
 
177 extent of semi-natural grassland sites eligible for agri-environmental payments within the 
 
178 Pillar II subsidies system of the CAP, and represents all grassland types whereas the 
 
179 ESCAA contains records of the plant species composition of the sites included in the 
 
180 database (EFN & RDSFNC, 2001). Additionally, the EFN includes some of the Annex I 
 
181 semi-natural grassland habitat types (Paal and Leibak, 2011). In order to obtain the most 
 
182 precise estimate of the extent of semi-natural grassland habitats, it was necessary to 
 
183 merge the semi-natural grassland information contained in these databases into a single, 
 
184 unified geodatabase. The three databases use the Habitats Directive Annex I classification 
 
185 system to categorise the semi-natural grassland types used within this study. 
 
186 In order to assess the predominant habitat types in Estonia the extent of each semi-natural 
 
187 grassland habitat  was calculated (Table  2). The extents utilised in this study  are  broadly 
 
188 similar to previous estimates from other database sources (Kukk and Sammul, 2006). The 
 
189 unified database created within this project provides the most appropriate basis for ES 
 
190 mapping and assessment, as georeferenced data are needed to account for the complex 
 
191 spatial dimension of ES. 
 
192 
 
193 
 
194 
 
195 
 
196 
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206 Table 2. Annex I habitats in Estonia and their extent based on the unified database. Shaded grassland habitats 
207 were selected for inclusion in this study. 
 
 
Annex I habitat 
code 
Grassland type Unified database (% of 
total extent) 
 
6450 Northern boreal alluvial meadows 27866 ha (25%) 
1630 Boreal Baltic coastal meadows 22996 ha (21%) 
6280 Nordic Alvars and precambrian calcareous flatrocks 16696 ha (15%) 
6530/9070 Fennoscandian wooded meadows/pastures 11454 ha (10%) 
6210 Semi-natural dry grasslands and scrubland facies on calcareous soils 
 
6270 Fennoscandian lowland species-rich dry to mesic grasslands 
9913 ha (9%) 
 
 
7682 ha (7%) 
 
6510 Lowland hay meadows 7584 ha (7%) 
 
 
6430 Hydrophilous tall herb fringe communities of plains and of the montane to alpine levels 
3790 ha (4%) 
 
 
6410 Molinia meadows on calcareous, peaty or clayey-silt- laden soils 
1611 ha (2%) 
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TOTAL 109592 ha 
 
208 
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209 Habitat types included in this study as the basis for the mapping and assessment of ES 
 
210 supplied by semi-natural grasslands were selected by extent and comprised all habitat 
 
211 types with an extent of at least 10% of the total semi-natural grassland area in Estonia 
 
212 (Table 2): Northern boreal alluvial meadows (6450, hereafter referred to as floodplain 
 
213 meadows),   Boreal  Baltic   coastal  meadows   (1630,   hereafter   referred  to   as coastal 
 
214 meadows),  Nordic  alvars  and  Precambrian  calcareous  flatrocks  (6280,  referred  to as 
 
215 alvars) and Fennoscandian wooded meadows and pastures (6530 and 9070 respectively, 
 
216 referred below as wooded meadows) represent the dominant semi-natural grassland types 
 
217 by area in Estonia (EFN and RDSFNC, 2001). Habitat types 6530 and 9070 are 
 
218 differentiated by management type and the species content and layer structure in wooded 
 
219 meadows and pastures are very similar (Paal, 2002). These grassland types were 
 
220 therefore combined for the purposes of this study. Fig. 2 shows the distribution of the 
 
221 selected semi-natural grassland habitats in Estonia regionalized by the Environmental 
 
222 Stratification of Estonia as described by Villoslada et al. (2016). 
 
223 In order to assess the contribution of environmental factors to species distribution patterns, 
 
224 eight variables were selected as being representative of the overall environmental 
 
225 variability in Estonia. The extraction of environmental variables was carried out within the 
 
226 framework of the Environmental Stratification of Estonia (ESE) (Villoslada et al., 2016). 
 
227 The ESE is a statistical division of the environmental gradients in Estonia into 
 
228 homogeneous units, based on climatic and geomorphologic variables. The resulting strata 
 
229 help in the interpretation of climatic and environmental patterns and therefore, a better 
 
230 understanding of underlying ecological processes (Jongman et al., 2006). The ESE is 
 
231 constructed based on a Principal Components Analysis (PCA) that was used to generate a 
 
232 subset from a climate data set composed of 16 climate parameters interpolated from 31 
 
233 Estonian (data obtained from the Estonian Meteorological and Hydrological Institute), 
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234 Latvian, Russian and Finnish weather stations covering a period of 30 years (Haylock et 
 
235 al., 2008). 
 
236 
 
237 
 
238  
 
239 Fig. 2. Distribution of the principal semi-natural grassland types in Estonia by the regions of the Environmental 
240 Stratification of Estonia as developed by Villoslada et al. (2016). 
 
241 
 
242 2.4. Environmental factors and species distribution 
 
243 A Canonical Correspondence Analysis (CCA) was used to analyse the relationship 
 
244 between species, grassland habitats and the associated environmental variables identified 
 
245 in the ESE. CCA has been widely used in similar studies (Krause and Culmsee, 2013; 
 
246 Mota et al., 2018; Ward et al., 2016a). The CCA incorporated the presence/absence of 
 
247 876 vascular plant species combined with the eight environmental variables (mean 
 
248 precipitation in July, mean precipitation in January, mean precipitation in October, mean 
 
249 sunshine in July, minimum temperature in January, minimum temperature in April, 
 
250 maximum temperature in October, and elevation) derived from Villoslada et al. (2016), plus 
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251 SOC, grouped by grassland type, for all 2312 sites selected for the analysis. The climate 
 
252 parameters selected in the ESE capture the majority of environmental variation in Estonia. 
 
253 SOC was included in the CCA because of its pivotal role on soil-related ES (Lal, 2011; Lal, 
 
254 2014) and its high variability between different semi-natural grassland types. SOC data 
 
255 were derived from Kõlli et al. (2007). CCA axis scores were analysed for correlations using 
 
256 Pearson’s test for correlation at the 0.05 level and the statistical analysis was performed in 
 
257 CANOCO 5 (Ter Braak and Šmilauer, 2012). 
 
258 2.5. Assessment of the effect of grassland abandonment on species diversity 
 
259 In order to provide a full overview on the effects of grassland abandonment on plant 
 
260 species diversity, it was necessary to combine two spatial datasets since none of the 
 
261 datasets used in this study provides all the necessary information individually. The SNH 
 
262 database, containing information on grassland management and management years was 
 
263 combined with the ESCCA database, containing information on plants species composition 
 
264 and sampling year. Both databases were created based on the Estonian Base Map 
 
265 (1:10000) and orthophotos and both cover the whole extent of Estonia. In order to evaluate 
 
266 the effect of management cessation, plant species diversity within each habitat type was 
 
267 compared  between  abandoned  grasslands  and  those  being  grazed  or  mowed  in 830 
 
268 grassland plots  across Estonia  (the number  of  plots  per  grassland type is  described in 
 
269 Table 4) using Student’s t-tests at the 0.05 level. To achieve this, join queries between 
 
270 both databases were built based on spatial overlaps, sampling year in the ESCCA and last 
 
271 year of claimed agri-environmental payment in the SNH. The criteria for abandonment was 
 
272 grasslands for which payments have never been claimed in the SNH and grasslands 
 
273 indicated as managed 10 or more years ago in the ESCCA. Additionally, the effect of 
 
274 abandonment on rare and protected meadow plants within each habitat type was also 
 
275 analysed using a Chi-Square test at the 0.05 level, i.e. the proportion of grassland plots in 
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276 which rare and protected species occur was compared between managed and abandoned 
 
277 grasslands within each habitat type. Rare and protected species were identified using the 
 
278 EU  Habitats  Directive  (Annex  II)  (Council  Directive,  1992),  protected  species  under 
 
279 Estonian  Nature  Conservation  Act  and  the  Red  Data  Book  of  Estonia  (Eesti Punane 
 
280 Raamat, 2008). Information on the year of management initiation and duration was 
 
281 extracted from the SNH database and combined at the site level with the number of 
 
282 species, derived from the ESCCA database in order to perform the statistical analyses. For 
 
283 the purposes of these analyses, semi-natural grasslands for which agri-environmental 
 
284 payments have not been claimed since 2007 were considered abandoned. 
 
285 2.6. Plant species diversity and soil organic carbon as surrogate indicators for other 
 
286 ecosystem services 
 
287 The relationship between plants species diversity and two ES (pollination and herbs for 
 
288 traditional medicinal use) were tested using Pearson product-moment correlations at the 
 
289 0.05 level. Plant resources for food and medical uses is still an important cultural asset in 
 
290 Estonia (Kalle, 2017). Although it is often regarded as a provisioning service, it is 
 
291 addressed in this study as a cultural ES. Data on pollinators was compiled from Diaz 
 
292 Forero (2011) and the State Monitoring Program of Wildlife Diversity and Landscapes, 
 
293 subprogram on Pollinators Monitoring (Estonian Environment Agency). 
 
294 In Estonia, SOC and SOM pools in semi-natural grassland soils have been determined by 
 
295 sampling soil profile horizons  in 82 grassland experimental areas (Kõlli et  al.,  2007). The 
 
296 data were compiled between 1967 and 1985 and subsequently updated in 1985-1995  and 
 
297 1999-2002. The Tjurin method (Vorobyova, 1998) was used to determine the carbon 
 
298 concentration in each soil horizon. The carbon content used in the present study was 
 
299 estimated for the whole soil (the depth reaches the parent material) and has been found to 
 
300 be comparable with data from other sources (Ward et al., 2014, Ivask et al., 2012). The 
16  
301 depth of the analysis varied considerably depending on the soil type, from 16 cm in 
 
302 skeletic leptosols to 77 cm in haplic, endogleyic and glossic albeluvisols (Kõlli et al., 2007). 
 
303 The soil classes contained in the Soil Map of Estonia (1:10.000) were updated with the 
 
304 SOC data obtained from Kõlli et al. (2007). Subsequently, SOC was tested as a surrogate 
 
305 for three additional ES (nutrient cycling, nutrient retention and biomass production) using 
 
306 Pearson product-moment correlations (p < 0.05) between SOC and three ES indicators 
 
307 (microbial activity, total N and aboveground biomass production respectively). The choice 
 
308 of ES and functions that can be related to SOC in the present study is constrained by the 
 
309 availability of data. Data on biomass production in semi-natural grasslands were collected 
 
310 from several previous studies (Heinsoo et al., 2010; Kull and Zobel, 1991; Kupper, 2007; 
 
311 Melts, 2014; Neuenkamp et al., 2013; Rehme, 2013; Saar, 1996; Sammul et al., 2006; 
 
312 Sammul et al., 2011; Truus and Puusild, 2009) and combined with the SOC geodatabase. 
 
313 In order to avoid interferences of the management regime in the results, only actively 
 
314 managed meadows were selected for this analysis. Data on total nitrogen (TN) and soil 
 
315 microbial activity was obtained from the State Monitoring Program of Wildlife Diversity and 
 
316 Landscapes (Estonian Environment Agency). 
 
317 2.7. Mapping ES hotspots 
 
318 SOC and plant species diversity were classified into coldspots, range and hotspots and 
 
319 mapped. Following the definitions by Egoh et al. (2009), “range’’ are understood as areas 
 
320 where a particular service is produced in meaningful quantities and ‘hotspots as areas 
 
321 which provide large components of a particular service. Subsequently, multiple ES 
 
322 hotspots were mapped in order to assess their spatial distribution in relation to semi- 
 
323 natural grassland habitats and these were assessed in terms of eligibility for agri- 
 
324 environmental schemes by overlaying the resulting hotspots with the SNH database. In the 
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325 framework of this study, multiple ES hotspots are understood as areas where surrogate 
 
326 indicators hotspots (species diversity and SOC) overlap (Gos and Lavorel, 2012). 
 
327 Plant species diversity and SOC were reclassified into three ranks from minimum to 
 
328 maximum using a Jenks Natural Breaks algorithm. This algorithm was specifically 
 
329 developed for segmenting geographic datasets into discrete categories by minimizing 
 
330 variation within classes and maximizing variation between classes (Slocum, 1999). In 
 
331 order to account for environmental heterogeneity, the ranking of values of species diversity 
 
332 and SOC were regionalized, using the minimum and maximum values within each of the 
 
333 strata in the Environmental Stratification of Estonia (Villoslada et al., 2016). This procedure 
 
334 avoids regional minimum-maximum ranges being masked by the overall environmental 
 
335 variability of Estonia. The reclassified plant species diversity and SOC maps were 
 
336 combined in order to find grasslands where the hotspots overlap for the extent of the 
 
337 ESCCA database. All the spatial analysis were performed in Esri’s ArcGIS ® 10.3 
 
338 (http://www.esri.com/software/arcgis). 
 
339 
 
340 3. RESULTS 
 
341 3.1. Distribution of species along environmental gradients 
 
342 The CCA highlighted associations between species, grassland type and the nine 
 
343 environmental variables (mean precipitation in July, mean precipitation in January, mean 
 
344 precipitation in October, mean sunshine in July, minimum temperature in January, 
 
345 minimum temperature in April, maximum temperature in October, elevation and SOC) (Fig. 
 
346 3). Axis 1 accounted for 47.37%, and axis 2 17.41% of the variation in the data. Table 3 
 
347 provides the correlations between the canonical axes and the environmental variables in 
 
348 order to better interpret the ordination plot (Fig. 3). Axis 1 was significantly correlated with 
18  
349 average precipitation in July, average sunshine in July, minimum temperature in January, 
 
350 minimum temperature in April, maximum temperature in October, elevation and SOC 
 
351 whereas axis 2 was significantly correlated with average precipitation January and 
 
352 average precipitation October. Each grassland type is separated from the others in the 
 
353 CCA, although overlaps occur (Fig. 3). Four clusters of species are present, each 
 
354 corresponding to the habitats under study. Species associated with shallow soils (e.g. 
 
355 alvars and coastal meadows) are clustered in two groups, whereas species from deeper 
 
356 soils and/or higher elevations (i.e. alluvial meadows and wooded meadows/ pastures) are 
 
357 similarly clustered in two groups. The CCA also highlights associations between the 
 
358 climate variables and the species distribution. 
 
 
359 
19  
360 Fig. 3. Canonical correspondence analysis ordination plot showing grassland type, 90 most common species, 
361 and environmental vectors. The dashed lines represent the grassland types under study and group the most 
362 common species in each grassland type. 
363 
 
364 Table 3. Pearson correlation coefficients for all environmental variables, axis eigenvalues, cumulative 
365 percentage of axis explanation, and pseudo canonical correlation of the axes for the canonical correspondence 
366 analysis in Fig. 3 
 
 
  Variables Axis 1 Axis 2  
 
 SOC 0.6062*** -0.2771*** 
Average precipitation July 0.5472*** 0.055*** 
Elevation 0.481*** -0.1678*** 
Maximum temperature October -0.7343*** 0.0073 
Minimum temperature April -0.3184*** 0.2277*** 
Minimum temperature January -0.7293*** 0.0951 
Average precipitation January 0.061 -0.2033*** 
Average precipitation October -0.3021*** -0.3103*** 
Sunshine July -0.7008*** 0.0461 
Pseudo canonical correlation 0.8561 0.6166 
Eigenvalues 0.3196 0.1174 
Cumulative percentage 47.37 64.78 
367 *** = p < 0.001   
368 
   
 
369 3.2. Effect of abandonment on species diversity, and rare and protected species 
 
370 The Student’s T-tests reveal significantly lower species diversity following abandonment in 
 
371 three of the four grassland types under study (Table 4). Only Nordic alvars did not show a 
 
372 significant change in the number of species (p = 0.083). 
 
373 
 
374 
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375 Table 4: Student’s t-test results for the differences between the average number of plant species in managed 
376 grasslands and abandoned grasslands for all habitats, where N is the number of abandoned and managed 
377 sample grasslands. Significance level was set at p < 0.05. 
 
 
  Mean number of species  
Grassland type N p-value Abandoned Managed 
Boreal Baltic Coastal Meadows 28/33 0.023 29.64 46.24 
Nordic alvar and precambrian 92/92 0.083 43.67 48.66 
calcareous flatrock 
Northern boreal alluvial 
 
136/136 
 
0.000 
 
27.5 
 
38.7 
meadows 
Fennoscandian wooded 
 
150/163 
 
0.000 
 
31 
 
45 
  meadows/pastures  
378 
 
379 The occurrence of rare and protected species was significantly lower (p=0.02) after 
 
380 abandonment in northern boreal alluvial meadows (Fig. 4), whereas in alvars, coastal 
 
381 meadows and wooded meadows and pastures there is no significant difference in the 
 
382 occurrence of rare and protected species between abandoned and managed sites 
 
383 (p=0.28, p=0.39 and p=0.24 respectively). 
 
384 
 
385 
 
386 
 
387 
 
388 
 
389 
 
390 
 
391 
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392 
 
393 
 
394 
 
395 
 
396 
 
397 
 
398 
 
399 
 
400 
 
401 
 
402 
 
403 
404 
405 
 
406 Fig. 4. Percentage of grasslands with and without rare and protected vascular plant species in abandoned and 
407 managed grasslands in all  habitats, including 6530/9070: Fennoscandian  wooded meadows/pastures,  6280: 
408 Nordic Alvars and precambrian calcareous flatrocks, 1630: Boreal Baltic coastal meadows, 6450: Northern 
409 boreal alluvial meadows. * = p < 0.05 
 
410 
 
411 
 
412 
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413 3.3. Correlation between plant species diversity, SOC and ecosystem services 
 
414 Significant positive correlations were found between plant species richness and pollinator 
 
415 species richness and abundance and herbs for medicinal use (Table 5). Different pollinator 
 
416 groups show different correlations, wasps, bees and hoverflies richness are most strongly 
 
417 correlated with flowering plant species richness. SOC shows moderate to strong 
 
418 correlations with aboveground biomass, TN and microbial activity (Table 6). 
 
419 Table 5. Pearson’s correlation coefficients between flowering plant species richness and different groups of 
420 pollinators richness and abundance and herbs for traditional medicine. Significance level was set at p < 0.05. 
 
 
 Variables r p-value 
Plant species richness & Wasps, bees & 
hoverflies richness 
0.712 0.000 
Plant species richness & Wasps, bees & 
hoverflies abundance 
0.559 0.007 
Plant species richness & Bumblebees 
richness 
0.620 0.002 
Plant species richness & Bumblebees 
abundance 
0.644 0.001 
Plant species richness & herbs for medicine 0.87 0.000 
421    
 
422 Table 6. Pearson’s correlations between SOC and different ES indicators. Significance level was set at p < 
423 0.05. 
 
 
 Variables r p-value 
Soil organic carbon & Biomass production 0.45 0.01 
Soil organic carbon & Nitrogen(%) 0.99 0.000 
Soil organic carbon & Microbial activity 0.96 0.000 
424    
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425 3.4 ES hotspots map 
 
426 The results from the SOC and plants species diversity hotspots are presented in Fig. 5. A 
 
427 high share of alvars area falls within range and hotspot values for plant species diversity 
 
428 (47% and 40% respectively), whereas alluvial meadows show the highest share of plant 
 
429 species diversity coldspots. Conversely, alluvial meadows and wooded meadows and 
 
430 pastures account for most of the SOC hotspots (43.1% and 43.6%) and show very similar 
 
431 values  for  range  and  coldspots.  Most  of  the  coastal  meadows  area  belongs  to SOC 
 
432 coldspots and range (78.2 and 21.1% respectively). 
 
433 Fig. 6 shows the coldspot, range and hotspots maps of SOC and vascular plant species 
 
434 diversity maps used to obtain multiple ES hotspots maps. 
 
435 Soil organic carbon and species diversity were tested for correlations in order to detect 
 
436 possible synergies or trade-offs between these ES; however, no significant correlations 
 
437 were found (r = -0.062, p = 0.033). 
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438 
 
439 Fig. 5 Percentage of SOC and plant species diversity coldspots, ranges and hotspots within each 
440 grassland type analyzed in the study. 6530/9070: Fennoscandian wooded meadows/pastures, 
441 6280: Nordic Alvars and precambrian calcareous flatrocks, 1630: Boreal Baltic coastal meadows, 
442 6450: Northern boreal alluvial meadows. 
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443 
 
444 Fig. 6. A close-up view of Matsalu bay in Western Estonia. The reclassified SOC (a) and vascular plant 
445 species diversity (b) maps are overlapped in order to map ES hotspots. The spatial coincidence of SOC and 
446 species diversity maximum reclassified values constitutes multiple ES hotspots. 
 
447 
 
448 Fig. 7 shows the spatial distribution and habitat type of multiple ES hotspots in semi- 
 
449 natural grasslands in Estonia. Although wooded meadows and pastures have the highest 
 
450 proportion of ES hotspots (816 ha), this habitat only accounts for 10% of the semi-natural 
 
451 grassland cover (Table 1). ES hotspots belonging to alluvial meadows are spread 
 
452 throughout mainland Estonia, and have the second highest proportion of ES hotspots after 
 
453 wooded meadows/pastures. 
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454 The area of ES hotspots in semi-natural grasslands eligible for agri-environmental support 
 
455 is only 50% in the case of alvars and less than 50% in the case of northern boreal alluvial 
 
456 meadows (Table 7). Some of the hotspots that are not eligible for agri-environmental 
 
457 support may have already been converted to arable land or overgrown by shrubs, due to 
 
458 the time frame in which plant species diversity data was recorded. There are several 
 
459 reasons why a fraction of the hotspots identified in the present study are not eligible for 
 
460 agri-environmental support. In the case of wooded meadows and pastures, the eligibility 
 
461 criteria for CAP support for permanent pastures in Estonia excludes many wooded 
 
462 meadows due to limitations in the number of trees per hectare. Moreover, any semi-natural 
 
463 grassland that is located out of a Natura 2000 site is not eligible for agri-environmental 
 
464 support, even if it is actively managed. 
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465 
 
466 Fig. 7. Distribution of ES services hotspots in semi-natural grassland habitats in Estonia. The zoomed area 
467 shows the northern cluster of multiple ES hotspots, including Lahemaa National Park. 
 
468 Table 7. Total area of multiple ES hotspots per grassland type and area of hotspots not eligible for agri- 
469 environmental support. 
 
 
Habitat Total hotspot Area without agri- Area without support (% 
 area (ha) evironmental support (ha) of total hotspot area) 
Boreal Baltic coastal meadows 101 26 25% 
Nordic Alvars 398 198 50% 
Northern boreal alluvial 594 316 53% 
  meadows  
Wooded meadows and 816 317 39% 
  pastures  
Total 1909 857 45% 
 
470 
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471 4. DISCUSSION 
 
472 Despite the wide selection of ES mapping methods currently available, several authors 
 
473 (Eigenbrod et al., 2010; Palomo et al., 2018) have identified the lack of data as one of the 
 
474 main obstacles in the process. Thus, the use of proxy data or surrogates becomes 
 
475 relevant in national scale ES assessments, especially for regulating and maintenance 
 
476 services (Maes et al., 2012). The collection of primary data on ES provision at national and 
 
477 regional scales may become a challenging and costly process that could hinder the 
 
478 success of the ES mapping and assessment process. In order to overcome the lack of 
 
479 primary data on ES, two variables were tested in this study as surrogate indicators for a 
 
480 wider selection of ES provided by semi-natural grasslands, following a three-step process. 
 
481 Concerning the adopted methodological framework, the cascade model (Potschin and 
 
482 Haines-Young, 2016) connects ecosystems to human wellbeing in a structured way and 
 
483 illustrates the flow of ES. Although the analysis in this study is restricted to the 
 
484 environment component of the cascade, it is necessary to further incorporate benefits and 
 
485 socio-cultural values and perceptions in order to fully understand the ways society benefits 
 
486 from nature. In this regard some studies have addressed landowners’ values and 
 
487 perceptions in order to elicit ES trade-offs (Torralba et al., 2018), motivations for semi- 
 
488 natural habitat management (Birge and Herzon, 2014) or perceived provision of grassland 
 
489 ES by stakeholders (Lamarque et al., 2011). 
 
490 Environmental variables and species distribution 
 
491 The CCA highlighted the soil fertility requirements of different species along the SOC 
 
492 gradient. Relatively young and shallow soils in coastal areas are generally more mineral 
 
493 rich and have less organic matter (Ward et al., 2016a). Within the coastal meadows 
 
494 cluster, a gradient occurs between very shallow soils, inundation-tolerant species 
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495 (Bolboschoenus maritimus, Schoenoplectus tabernaemontani) and those characteristic of 
 
496 higher elevation above mean sea level and higher nutrient content soils (Elytrigia repens, 
 
497 Potentilla anserina). Very thin soils typical of alvar grasslands also show very low content 
 
498 of SOC (32 Mg/ha) (Kõlli et al., 2007). An overlap can be observed between alvars and 
 
499 wooded meadows due to the fact that many wooded meadows in Western Estonia are 
 
500 located on calcareous and relatively thin soils similar to alvar habitats. Conversely, 
 
501 riverside soils with a peat epipedon are characterized by very high SOC content. Within 
 
502 the alluvial meadows cluster, SOC defines a gradient between sedge meadow species in 
 
503 old riverbeds (i.e. Carex acuta) and tall forb meadows at higher elevations of the floodplain 
 
504 (i.e. Filipendula ulmaria) (Neuenkamp et al., 2013). 
 
505 Differences regarding the climatic requirements of plants species can also be observed in 
 
506 the CCA ordination plot. For instance, alvars and alluvial meadows can be significantly 
 
507 impacted  by high  intensity rainfall during  the growing  season. Therefore, two  clusters of 
 
508 species (corresponding to alvars and alluvial meadows) are found along the vector defined 
 
509 by mean precipitation in July. The minimum temperature in April is related to the onset of 
 
510 the  growing  season  and  the  sensitivity  of  plant  species  to  late  frost  events,  which 
 
511 influences the coastal meadow species. 
 
512 The results of this analysis provide a better understanding of the biophysical factors that 
 
513 define the ecological functions of Ecosystem Service Providers (ESP) (i.e. habitats) 
 
514 (Kremen et al., 2005) and also highlight the complex interrelations between ecosystems 
 
515 structure, functions and services. For instance, the maintenance or increase of SOC pools 
 
516 plays a crucial role in the context of climate change mitigation. Additionally, the 
 
517 persistence of SOC is an ecosystem property that integrates several inherent soil 
 
518 properties strongly correlated with key regulation and maintenance ES (Schmidt et al., 
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519 2011; Vågen and Winowiecki, 2013). On the other hand, plant species number and 
 
520 composition influence SOC accumulation (Fornara and Tilman, 2008). 
 
521 Effect of grassland abandonment on species diversity 
 
522 Abandonment resulted in a significantly lower plant species diversity in three of the four 
 
523 grassland types under study, as well as a significant decrease in rare and protected 
 
524 species in Northern boreal alluvial meadows. Similar results have been found in wooded 
 
525 meadows in Sweden (Mitlacher et al., 2002) and alluvial and coastal meadows throughout 
 
526 Europe (Joyce, 2014). Alvar grasslands showed no significant change in plant species 
 
527 diversity after abandonment, which could be explained by the fact that these grasslands 
 
528 show a rapid decrease of plant species diversity with a shrub cover over 70% (Kasari et 
 
529 al., 2013) and the encroachment process is spatially heterogeneous due to the diverse soil 
 
530 conditions in alvars (Pärtel et al., 1999; Pärtel and Helm, 2007). Helm et al. (2005) found a 
 
531 slow response of remnant alvar plant communities to reduced area and connectivity. 
 
532 The major loss of biodiversity associated with grassland abandonment processes may in 
 
533 turn lead to shifts in functional traits composition and modify derived ES (Díaz et al., 2005). 
 
534 Abandonment can also result in changes in primary productivity, root depth, soil biota and 
 
535 the dynamics of nutrient cycling and carbon storage. Specifically, grassland abandonment 
 
536 and fragmentation have been previously identified as having a considerable impact on the 
 
537 provision of ES like pollination (Fontana et al., 2014; Nilsson et al., 2013) and herbs for 
 
538 traditional medicine (Fontana et al., 2014). 
 
539 Surrogate indicators and ES hotspots 
 
540 The roles of both biodiversity and soils in the context of ES have been discussed in the 
 
541 scientific literature (Harrison et al., 2014; Isbell et al., 2011; Pereira et al., 2018). The 
 
542 results of this study indicate that in semi-natural grasslands, an increase in SOC results in 
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543 increased biomass production, nutrient cycling and nutrient retention, indicating soil 
 
544 function may be higher and the delivery of soil-related ES improved. Strong correlations 
 
545 were found between SOC and microbial activity and TN (indicators of nutrient cycling and 
 
546 nutrient retention respectively). Soil organic carbon is the main resource for the soil 
 
547 microbial community, which decomposes organic matter and releases nutrients (Williams 
 
548 and Hedlund, 2013). The correlation between SOC and biomass production was only 
 
549 moderate (r = 0.45, p = 0.01) because other factors such as inter-annual climate variability, 
 
550 plant community canopy and root structure differences and halted succession influence 
 
551 this relationship. These were not addressed within this study due to lack of data. Heinsoo 
 
552 et al. (2010) detected very large variability in biomass yield within the same grassland in 
 
553 several locations in Estonia, most likely as a result of differing environmental conditions. 
 
554 Soils are a key component of ecosystem functioning and provide and regulate several ES 
 
555 (Pereira et al., 2018). Within the complex dynamics of soils, carbon sequestration and 
 
556 storage is an important ES as an agent for soil formation and functioning (Kõlli et al., 2007) 
 
557 as well as due to its importance in climate change mitigation, particularly for coastal soils 
 
558 (Chmura et al., 2003). In addition, increased SOC is strongly linked to soil-related 
 
559 processes and ultimately, ES such as soil structure, water retention capacity, nutrient 
 
560 retention capacity, diversity of soil flora/fauna (Lal, 2011; Lal, 2014), pollutant attenuation 
 
561 (Abdalla et al., 2018) and erosion prevention (Gardi et al., 2016). In this regard, moderate 
 
562 grazing regimes have been shown to increase SOC concentrations (Hewins et al., 2018; 
 
563 Wang et al., 2014). 
 
564 Plant species diversity was used as a surrogate indicator for two ES: Pollination and plants 
 
565 for traditional medicine. Correlations between plant species diversity and these two ES 
 
566 were strong and positive. In previous studies, plant species diversity has been directly 
 
567 related with a number of ecosystem functions and services including: primary productivity 
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568 (Hooper et al., 2012), forage quality and pest control (Soliveres et al., 2016), nutrient 
 
569 cycling  (Maestre  et  al.,  2012),  SOC  accumulation  (Fornara  and  Tilman,  2008),  and 
 
570 pollinator abundance and richness (Diaz Forero, 2011; Batáry et al., 2010; Ebeling et al., 
 
571 2008). Although there is still much deliberation regarding the role of biodiversity within the 
 
572 ES framework (Jax and Heink, 2015), the relationship between biodiversity and ES must 
 
573 be addressed in order to develop appropriate conservation policies and strategies. 
 
 
574 Landcover-based proxy methods have been criticized for being crude estimates of actual 
 
575 ES and for being poorly representative of wider ranges of ES (Eigenbrod et al., 2010). The 
 
576 methodology presented in this paper partially overcomes the errors derived from uniquely 
 
577 linking ES values to landcover classes by accounting for biophysical heterogeneity (SOC) 
 
578 and biodiversity within the grassland types under study. The proposed methodology 
 
579 provides an integral overview on the location and extent of semi-natural grasslands 
 
580 hotspots where potentially several ES are provided. The results show that alvars 
 
581 contribute greatly to plant species diversity ranges and hotspots. Although alvars are not 
 
582 the largest grassland type, they are very species rich (Pärtel et al., 1999). Regarding SOC, 
 
583 alluvial meadows and wooded meadows and pastures encompass the greatest proportion 
 
584 of hotspots. Alluvial meadows are generally located on gleysols and fluvisols with rather 
 
585 thick organic horizons (Paal et al., 2007), characterized by high input of sediments and 
 
586 high microbial activity in shallow flooding water (Truus, 1998), and therefore a higher SOC 
 
587 content. On the other hand, wooded meadows and pastures are generally characterized 
 
588 by thicker organic horizon soils with a higher input of plant litter from the tree layer (Ivask 
 
589 et al., 2012). The multiple ES hotspots (overlaps between SOC and plant species diversity 
 
590 hotspots) are mostly grouped in two clusters in the North and the West of Estonia. A third 
 
591 group of hotspots comprises alluvial meadows, which are also distributed in the South 
 
592 West of Estonia. The greatest proportion of multiple ES hotspots belongs to wooded 
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593 meadows and pastures (Table 7), characterized by high levels of SOC and a large species 
 
594 pool due to the high niche diversity. Alluvial meadows show the second highest proportion 
 
595 of ES hotspots (594 ha). The distribution of ES hotspots also reflects the present 
 
596 distribution of the remaining patches of some semi-natural grassland types (i.e. alvars and 
 
597 wooded meadows and pastures), with the highest grassland area in the West and North. 
 
598 No significant correlations were found between SOC and species diversity, indicating that 
 
599 the multiple ES hotspots are not the result of a synergetic interaction between the 
 
600 surrogate indicators but rather, a spatial co-occurrence of high levels of multiple ES. 
 
601 The hotspots approach can assist in  identifying and prioritizing relevant areas for  the   602 
provision of ES and targeting conservation and agri-environmental measures. Kremen and 603 
Merenlender  (2018)  highlight  the  degradation  and  loss  of  rangelands  worldwide  and  604  
propose Mediterranean dehesas and montados as an example of land management that   605   both 
protect biodiversity and enhance the supply of  ES. Similarly, Torralba et al. (2018)    606 address 
the coproduction of ES in wooded pastures across Europe, revealing complex ES 607   interactions 
and concluding that there is a need for policies oriented towards enhancing    608   provisioning,  
regulating  and  cultural  ES  through  the  regulation  of  both  intensity  of    609 management  and 
multifunctionality of  agroecosystems.  In the context of  a global loss of 610   biodiversity,   holistic   
approaches   aimed   at   securing    ES   supply   and    landscape 611  multifunctionality can benefit 
from analyses of  ES hotspots like the one presented in this   612 paper, as they set the path towards 
identifying priority areas for policy action and decision  613 support. 
614  In Estonia, a substantial area of semi-natural grasslands is located outside of the limits of  615 
Natura 2000 sites and is therefore excluded from Pillar II CAP support (Lepmets, 2015). In 616  
addition,  many  semi-natural  habitats  outside  Natura  2000  (mainly  wooded  pastures/  617 
meadows and alvars) are not eligible for Pillar I CAP payments due to eligibility rules that 
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618  are based exclusively on the density of trees per hectare (in Estonia, a parcel is eligible if   619 
there are  less than  50 trees  per  hectare). The ES framework  has  been  proposed  as a 620  
holistic  solution  for  setting  agri-environmental  payments  schemes,  by  targeting   the   621 
provision of multiple ES (Ekroos et al., 2014; Prager et al., 2012). In this regard, any future 622 
efforts directed at protecting valuable semi-natural grasslands located outside Natura 2000 623 
areas could benefit from an ES hotspots-based prioritization. 
 
624   In the context  of  ES research,  hotspot-based approaches  may prove  useful in setting   625      
priority areas for direct data collection. Tiered approaches have been proposed as a       626 flexible 
and nested multi-method tool for mapping and assessment of  ES (Grêt-Regamey  627    et al., 
2015). Within tiered toolsets, hotspot maps can highlight focus areas for applying    628 data-
intensive methods of  higher tiers and therefore  improve  the overall efficiency of  the 629 ES 
mapping and assessment process. The methodology and results outlined in this paper  630 can be 
therefore used as a starting point for further research on ES. 
631 
 
632 5. CONCLUSIONS 
 
633   Climatic variables and SOC were significantly correlated with the species composition of   634     
grassland types under study. This results are essential to understand how species  fill      635 
environmental niches  and  sets  the  basis for  future  assessments  of  impacts  of  global 636 
change on the  distribution  of  species  and  related  ES.  Additionally,  coastal  meadows, 637 
alluvial  meadows  and  wooded  meadows/pastures  showed  significantly  lower  species  638 
diversity  after  abandonment.  The  occurrence of  rare  and  protected  species  was  also 639  
significantly lower  after  abandonment  in  alluvial  meadows.  This results show that  the   640 
cessation of management activities can have an effect in biodiversity-related ES in certain  641 
grassland types. 
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642 Plant  species  diversity and  SOC were  significantly correlated  with five  ES:  Pollination,  643   
herbs  for  traditional  medicinal  use,  nutrient  cycling,  nutrient  retention  and  biomass   644  
production.  The  overlap  between  surrogate  indicators   hotspots  show  that   wooded   645  
meadows and pastures comprise the highest proportion of multiple ES hotspots, although  646 this 
grassland type only accounts for 10% of the semi-natural grassland cover. 
 
647 The  present  paper  demonstrates the  potential use  of  surrogate indicators for  spatially  648  
identifying  and quantifying  semi-natural grasslands ES hotspots  when there is  a lack of  649   
primary data. However,  applying the same methodology for different policy, planning or    650 
management objectives would require careful consideration of what thresholds constitute a 651 
hotspot and the underlying assumptions should be carefully tested. 
652 
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Fig. 1. The ecosystem services cascade model adapted from Potschin and Haines-Young 
(2016). Three cascade components were assessed within this study: (1) underlying 
environmental gradients determining species distribution in semi-natural grasslands, (2) 
effects of grassland abandonment and (3) the spatial distribution of ecosystem service 
hotspots in semi-natural grasslands. 
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Fig. 2. Distribution of the principal semi-natural grassland types in Estonia by the regions 
of the Environmental Stratification of Estonia as developed by Villoslada et al. (2016). 
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Fig. 3. Canonical correspondence analysis ordination plot showing grassland type, 90 most 
common species, and environmental vectors. The dashed lines represent the grassland 
types under study and group the most common species in each grassland type. 
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Fig. 4. 
Percent
age of 
grassla
nds with and without rare and protected vascular plant species in abandoned and managed 
grasslands in all habitats, including 6530/9070: Fennoscandian wooded meadows/pastures, 
6280: Nordic Alvars and precambrian calcareous flatrocks, 1630: Boreal Baltic coastal 
meadows, 6450: Northern boreal alluvial meadows. * = p < 0.05 
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Fig. 5 Percentage of SOC and plant species diversity coldspots, ranges and hotspots 
within each grassland type in Estonia. 
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Fig. 6. A close-up view of Matsalu bay in Western Estonia. The reclassified SOC (a) and 
vascular plant species diversity (b) maps are overlapped in order to map ES hotspots. The 
spatial coincidence of SOC and species diversity maximum reclassified values constitutes 
multiple ES hotspots. 
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Fig. 7. Distribution of ES services hotspots in semi-natural grassland habitats in Estonia. 
The zoomed area shows the northern cluster of multiple ES hotspots, including Lahemaa 
National Park. 
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Table 1. Overview of the selected ES and their correspondence to CICES V5.1 classification system 
 
 
ES Section (CICES Equivalent class (CICES Indicator Surrogate Data sources 
 
V5.1) 
Pollination Regulation & 
Maintenance 
V5.1) 
Pollination Pollinators 
richness and 
abundance 
indicator 
Plant 
species 
diversity 
 
Diaz Forero (2011). 
State Monitoring 
Program of Wildlife 
Diversity and 
Landscapes (Estonian 
Environment 
 
Nutrient cycling Regulation & Weathering processes Microbial SOC State Monitoring 
 Maintenance  and their effect on soil activity  Program of Wildlife 
   quality   Diversity and 
Landscapes (Estonian 
Environment 
 
Nutrient 
retention 
Regulation 
Maintenance 
& Regulation of the 
chemical condition of 
freshwaters by living 
processes 
Total 
Nitrogen 
SOC State Monitoring 
Program of Wildlife 
Diversity and 
Landscapes (Estonian 
Environment 
Biomass 
production 
Provisioning  Wild plants used for 
nutrition 
Total 
biomass 
production 
(dry weight) 
SOC Heinsoo et al. (2010), 
Kull and  Zobel (1991),
 Kupper 
(2007),  Melts (2014), 
 
 
 
 
 
 
Herbs for 
traditional 
medicinal use 
 
 
 
 
 
 
Cultural Characteristics of living 
systems that that enable 
activities promoting 
health, recuperation or 
 
 
 
 
 
 
Wild 
medicinal 
and food 
plants 
 
 
 
 
 
 
Plant 
species 
diversity 
Neuenkamp et al. 
(2013), Rehme 
(2013),   Saar  (1996), 
Sammul et al. (2006), 
Sammul et al. (2011), 
Truus     and   Puusild 
Kalle (2017) 
 
 
 
 
 
 
Table 2 Annex I habitats in Estonia and their extent based on the unified database. Shaded grassland 
habitats were selected for inclusion in this study. 
 
Annex  I  habitat Grassland type code 
Unified database (% of 
total extent) 
 
 
Semi-natural dry grasslands and scrubland facies on 
6210 calcareous soils 9913 ha (9%) 
6270 Fennoscandian lowland species-rich dry to mesic 7682 ha (7%) 
11454 ha (10%) Fennoscandian wooded meadows/pastures 6530/9070 
16696 ha (15%) Nordic Alvars and precambrian calcareous flatrocks 6280 
22996 ha (21%) Boreal Baltic coastal meadows 1630 
27866 ha (25%) Northern boreal alluvial meadows 6450 
 grasslands 
 
6510 Lowland hay meadows 7584 ha (7%) 
 
6430 
Hydrophilous tall herb fringe communities of plains and 
of the montane to alpine levels 
3790 ha (4%) 
 
6410 
Molinia meadows on calcareous, peaty or clayey-silt- 
laden soils 
1611 ha (2%) 
TOTAL  109592 ha 
 
Table 3. Pearson correlation coefficients for all environmental variables, axis eigenvalues, cumulative 
percentage of axis explanation, and pseudo canonical correlation of the axes for the canonical 
correspondence analysis in Fig. 3 
 
  Variables Axis 1 Axis 2  
 
SOC 0.6062 -0.2771 
Average precipitation July 0.5472 0.055 
Elevation 0.481 -0.1678 
Maximum temperature October -0.7343 0.0073 
Minimum temperature April -0.3184 0.2277 
Minimum temperature January -0.7293 0.0951 
Average precipitation January 0.061 -0.2033 
Average precipitation October -0.3021 -0.3103 
Sunshine July -0.7008 0.0461 
Pseudo canonical correlation 0.8561 0.6166 
Eigenvalues 0.3196 0.1174 
  Cumulative percentage 47.37 64.78  
 
 
Table 4: Student’s t-test results for the differences between the average number of plant species in 
managed grasslands and abandoned grasslands for all habitats, where N is the number of abandoned 
and managed sample grasslands. Significance level was set at p<0.05. 
 
Mean number of species 
 
Grassland type N p-value Abandoned Managed 
Boreal Baltic Coastal Meadows 28/33 0.023 29.64 46.24 
Nordic alvar and precambrian 
calcareous flatrock 
92/92 0.083 43.67 48.66 
Northern boreal alluvial 
meadows 
136/136 0.000 27.5 38.7 
 Fennoscandian wooded 
meadows/pastures 
150/163 0.000 31 45 
 
 
 
 
 
Table 5. Pearson’s correlation coefficients between flowering plant species richness and different 
groups of pollinators richness and abundance and herbs for traditional medicine. Significance level 
was set at p<0.05. 
 
Variables r p-value 
Plant species richness & Wasps, bees & 0.712 0.000 
hoverflies richness   
Plant species richness & Wasps, bees & 0.559 0.007 
hoverflies abundance   
Plant species richness & Bumblebees 0.620 0.002 
richness   
Plant species richness & Bumblebees 0.644 0.001 
abundance   
Plant species richness & herbs for medicine 0.87 0.000 
 
Table 6.Pearson’s correlations between SOC and different ES indicators. Significance level was set at 
p<0.05. 
 
Variables r p-value 
Soil organic carbon & Biomass production 0.45 0.01 
Soil organic carbon & Nitrogen(%) 0.99 0.000 
Soil organic carbon & Microbial activity 0.96 0.000 
 
 
 
Table 7. Total area of multiple ES hotspots per grassland type and area of hotspots not eligible for 
agri-environmental support. 
 
 
Habitat Total hotspot Area without agri- Area without support (% 
 
 
 
  meadow  
Wooded meadows and 816 317 39% 
  pastures  
Total 1909 857 45% 
 
 area (ha) evironmental support (ha) of total hotspot area) 
Boreal Baltic coastal meadows 101 26 25% 
Nordic Alvars 398 198 50% 
Northern boreal alluvial 594 316 53% 
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